Recombinant DNA molecules containing CDNA to a soybean mosaic virus (SMV) RNA genome were constructed and partial nucleotide sequences determined for two cDNA inserts, pSMV-34 and pSMV-35. Comparison of the predicted amino acid sequence encoded by the pSMV-34 cDNA insert to other potyvirus protein sequences revealed extensive homology with the region of the genome encoding the NIa proteinase, with conservation of the amino acids proposed to form the catalytic triad of the active site. Cell-free transcription and translation of the cloned cDNA sequence containing the NIa open reading frame and flanking sequences revealed that NIa proteinase sequences, which were expressed as part of a high Mr precursor, were able to undergo proteolytic processing. Alteration of the codon for one of the putative active site residues by site-directed mutagenesis eliminated processing and resulted in the accumulation of a high Mr precursor. Based on predicted amino acid sequences at five putative cleavage sites within the SMV polyprotein, a consensus SMV NIa proteinase cleavage sequence of Glu/Asn-Xaa-Val-Xaa-Xaa-Gln~Gly/Ser was proposed. The SMV NIa proteinase and its putative cleavage sites maintained motifs found in other potyviruses.
Introduction
Soybean mosaic virus (SMV), a member of the potato virus Y (PVY; potyvirus) group of plant viral pathogens, is world-wide in distribution and is found wherever soybean is grown (Bos, 1972; Sinclair & Backman, 1989) . Members of the potyvirus group have a genome consisting of an infectious plus-sense ssRNA molecule of approximately 10000 nucleotides, which is polyadenylated at its 3' terminus and covalently linked to a small viral protein (termed VPg) at its 5' end (for review, see Dougherty & Carrington, 1988) . Complete nucleotide sequence data exist for four different potyviruses and predict a single open reading frame (ORF) with the potential to encode a polyprotein, Mr approximately 340000 (340K). During tobacco etch virus (TEV) genome expression, this large precursor polyprotein is processed co-and post-translationally by at least two different virus-encoded proteolytic activities, HC-PRO (Carrington et al., 1989) and NIa (or 49K proteinase) (Carrington & Dougherty, 1987a, b) , to yield structural and non-structural proteins. Differential proteolytic processing by NIa may be a means by which potyviral gene expression is temporally regulated (Dougherty & Parks, 1989) .
Cell-free translation of SMV RNA in the presence of N-formyl-[35S]methionyl-tRNA or amino acid analogues, and the analysis of SMV RNA associated with 0000-9554 © 1990 SGM polyribosomes isolated from infected tissue, suggest that SMV is similar to other potyviruses and expresses its genome by producing a polyprotein which undergoes proteolysis (Vance & Beachy, 1984a, b) . However, unlike potyviruses whose genomes have been extensively characterized [i.e. TEV (Allison et al., 1986; Carrington & Dougherty, 1987a, b) , tobacco vein mottling virus [TVMV] (Domier et al., 1986; Hellmann et al., 1988) , PVY (Robaglia et al., 1989) , and plum pox virus [PPV] (Maiss et al., 1989; Garcia et al., 1989) ], SMV is seedborne (Bos, 1972) . Viral gene expression and replication of a seed-transmitted virus may occur in embryonic (meristematic) tissues which are sites of elevated protein synthesis and metabolic activity. It is not known whether such viruses have evolved different mechanisms for regulating and expressing their genomes. Thus, given the central role of proteolysis in the potyvirus replication cycle, examination of the structural features of the SMV proteinase is of interest for comparison with those of potyviruses that are not seed-transmitted. To this end, a cDNA has been prepared and sequenced which contains the sequences encoding the SMV NIa proteinase. Based on the predicted amino acid sequence, the SMV NIa proteinase is proposed to be 433 amino acids in length, and shows extensive homology with other potyviral proteinases, including conserved amino acid sequences shown to be important in potyviral proteinase activity. Furthermore, it appears to be formed initially as part of a polyprotein of higher Mr. The SMV NIa-like proteinase recognizes and cleaves the polyprotein between Gin + Ser or Gin + Gly dipeptides, which are part of the larger conserved motif Glu/Asn-Xaa-Val-Xaa-Xaa-Gln J, Ser/Gly.
Methods
Virus and RNA purification. An SMV isolate used in a previous investigation (Calvert & Ghabrial, 1983 ) was examined. The reactions of a standard set of soybean eultivars (Cho & Goodman, 1979) when inoculated with this isolate, referred to as the K-I isolate, have been determined and shown to be characteristic of the G-6 group of SMV isolates (S. A. Tolin, personal communication). Purification of SMV was by the procedure of Calvert & Ghabrial (1983) . SMV RNA was purified as described by Hellmann et al. (1980) , except that sucrose gradients were prepared in 10 mM-Tris-HC1, 1 mM-EDTA pH 7.4. eDNA synthesis and cloning. DNA complementary to SMV RNA was prepared using the Amersham eDNA synthesis system, which is based on the method of Gubler & Hoffman (1983) . The dsDNA was made blunt-ended with T4 DNA polymerase and ligated into the phagemid vector pUCII9 at the Sinai site. Following transformation into Escherichia coli strains DH5ct or TG1, plasmids containing eDNA corresponding to SMV were identified by colony hybridization using 32p-labelled SMV eDNA as a probe (Maniatis et al., 1982) .
DNA sequence analysis. Nucleotide sequences were obtained with both single-and double-stranded templates using the dideoxynucleotide chain termination method (Sanger et aL, 1977) . Sequence data were generated using plasmids pSMV-34 and pSMV-35, and subcloned fragments of pSMV34 ( Fig. l) . Sequence analyses and comparisons were done using the Intelligenetics software on a SUN microcomputer.
Cell-free transcription and translation. A portion of pSMV-34 was subcloned into the transcription vector pTL-37 (Carrington et al., 1987) . This plasmid, referred to as pTL-TSP, was generated by digesting pSMV-34 with NeoI, filling in using Klenow fragment, digesting with XbaI and ligating into pTL-37 which had been digested with Sinai and Xbal. This plasmid contained the sequence which codes for 20 amino acids derived from the TEV leader sequence, a truncated SMV NIa proteinase (approx. 47K) with codons for 29 amino acids at the amino terminus of the proteinase gene deleted and approximately 9K of the SMV NIb protein. Plasmids were linearized with the restriction enzyme Nhel prior to transcription. Cell-free transcription using T7 polymerase, translation of these transcripts in a rabbit retieulocyte lysate system, SDS-PAGE and autoradiography were performed as previously described (Carrington & Dougherty, 1987a) .
Site-directed mutagenesis. Site-directed mutagenesis of pTL-TSP was conducted using the method of Taylor et al. (1984a, b) . The proteinase coding sequence in pTL-TSP was mutated such that the codon (TGT) for Cys at NIa amino acid position 341 was replaced with a Lys codon (AAA). Mutant sequences were identifed by nucleotide sequence analysis and the mutated plasmid was designated pTL-TSP c341~. such clones, designated pSMV-34 and pSMV-35, were selected on the basis of preliminary studies which elucidated the nucleotide sequence at the 5' and 3' ends of the cDNA inserts. Extensive sequence similarity was found with other potyviral genomes. By analogy with other potyviral genetic maps, pSMV-34 was tentatively mapped to the SMV genome and extended approximately from nucleotide 2800 to 7300, whereas pSMV-35 contained overlapping sequences extending approximately between nucleotides 3500 and 8200 ( Fig. 1 ).
Results and Discussion

Sequence analysis of the SMV NIa proteinase cistron and flanking regions
The strategy used to determine the nucleotide sequence of the NIa ORF is shown in schematic form in Fig. 1 . The nucleotide sequence and predicted amino acid sequence of a 1754 bp SMV cDNA fragment, containing the NIa proteinase cistron and flanking sequences, were determined and are shown in Fig. 2 . By analogy to the TEV 49K NIa proteinase (Carrington & Dougherty, 1987b) , the N-and C-terminal amino acids were tentatively identified, as were amino acid residues predicted to comprise the catalytic triad of SMV NIa proteinase (Dougherty et al., 1989) . Using these criteria, the SMV NIa proteinase has been found to be 433 amino acids in length, with an Mr of 49 792. Recent computer modelling studies (Bazan & Fletterick, 1988) Fig. 2 . Nucleotide sequence and predicted amino acid sequence of the region of the SMV genome that contains the NIa proteinase. The deduced amino acid sequence is presented using the single-letter amino acid code. Probable cleavage sites are identified by arrows (~). Arrowheads (A) indicate the His, Asp and Cys residues proposed to be involved in catalysis. An asterisk (,) indicates a conserved His residue hypothesized to be involved in substrate binding.
suggested that potyviral NIa proteinases and other similar viral cysteine proteinases, such as the picornaviral 3C and the cowpea mosaic virus 24K proteinases, are similar in their tertiary fold to the trypsin-like family of cellular serine proteinases. In this group of viral proteinases, the active site is proposed to be composed of His, Asp and Cys residues, where Cys substitutes for Ser as the nucleophile of the trypsin-like catalytic triad. Sitedirected mutagenesis studies have suggested that His 234, Asp 269 and Cys 339 make up this catalytic triad in the TEV 49K (or NIa) proteinase (Dougherty et al., 1989) . Comparison of the deduced amino acid sequence of SMV with other known potyviral NIa proteinases ( Fig. 3) , suggested that the amino acids His, Asp and Cys in positions 236, 271 and 341 of SMV, respectively, were the likely candidates composing the active site of the SMV proteinase (Fig. 2) . Examination of the SMV NIa proteinase sequence also revealed a His residue at SMV NIa position 357. A His residue, found 15 to 18 amino acids downstream of the active site Cys, is characteristic of proteinases encoded by many positive-stranded RNA viruses that express their genomes as polyproteins (Argos et al., 1984) . Bazan & Fletterick (1988) have proposed that this residue may be important in substrate binding, probably interacting with the conserved Gin at the P1 cleavage site position.
Homology among NIa (49K)proteinases in the potyvirus group
The deduced amino acid sequences of the NIa proteinase of SMV and four other potyviruses are compared in Fig.  3 . In general, a large degree of homology exists between all NIa amino acid sequences. Approximately 25 % of the amino acid residues are identical in all five potyviral sequences. Most of this homology is in the aminoterminal three-quarters of the protein. These conserved amino acids could be involved in the proper folding of the protein so that the residues which make up the catalytic triad, or other features important for enzyme activity, are correctly positioned. Less amino acid similarity was noted in the C-terminal portion of the NIa proteinase. This region of the proteinase may be important in forming the substrate-binding pocket which allows each of these individual potyviruses to recognize its own unique cleavage sequence. In support of this hypothesis, it is interesting to note that cellular serine proteinases and the picornaviral 3C proteinases, unlike the NIa proteinases of potyviruses, do not appear to have a strict extended cleavage site sequence requirement. The sequence and structural features that picornaviral and cellular serine proteinases share with the potyviral NIa proteinases generally degenerate in this region (Bazan & Fletterick, 1988 ).
Cell-free expression studies of p TL-TSP and pTL-TSpC341K
Nucleotide sequence studies suggested that pSMV-34 contained the coding sequence for the SMV NIa proteinase. In order to determine whether a proteolytic activity was encoded by this region, nearly all of the SMV NIa proteinase coding sequence plus additional downstream sequences that encoded the NIa/NIb cleavage junction and the amino terminal 9K of the NIb protein were inserted in the transcription vector pTL-37 (Carrington et al., 1987) I I  III I  I  II III II I II I II  II I I (Robaglia et al., 1989) , PPV (Maiss et al., 1989) , TEV (Allison et al., 1986) and TVMV (Domier et al., 1986) . Vertical lines represent amino acids which are conserved between all sequences. A consensus sequence (con) is shown, where capital letters represent those amino acids conserved and lower case represents amino acid positions where three of five NIa proteinases share identity. Dashes (-) are used where no particular preference is evident. Fig. 4(a) . A site-directed mutation was introduced into pTL-TSP to replace the codon (TGT) for Cys 341, a putative active site residue, with a Lys codon (AAA) and the recombinant plasmid was designated pTL-TSP c341K (Fig. 4a ). Translation of transcripts derived from the pTL-TSP c D N A sequence was expected to generate a 56K precursor, which would undergo rapid autoproteolysis to form a nearly full-size N I a product of approximately 47K (Fig. 4b, lane 4) and a 9K N I b product not detected in our gel system. The polyprotein synthesized when transcripts derived from pTL-TSP c341~: were translated was approximately 56K in size (Fig. 4b, lane 5) . This is the predicted size of precursor which has not been proteolytically processed. Similar mutation and expression studies have been reported for the TEV N I a proteinase (Carrington & Dougherty, 1987) and are presented in Fig. 4 (b) . Translation of transcripts derived from pTL-37/5473 initially generated a 75K polyprotein, which was rapidly autoprocessed to form a 49K product (Fig. 5, lane 3) . Transcripts derived from pTL-37/5473 c339A were identical, except that the active site Cys 339 residue had been changed to an Ala. This resulted in an inactive TEV N I a proteinase and accumulation of the 75K polyprotein precursor (Fig. 4 b,  lane 2) . Results of these cell-free studies provide evidence that a proteolytic activity is associated with the N I a proteinase of SMV.
S M V Nla proteinase cleavage site requirements
Inspection of the deduced amino acid sequence from pSMV-34 ( Fig. 2) and pSMV-35 resulted in the tentative identification of four cleavage sites processed by the N I a proteinase (Fig. 5a) . These assignments were based on predicted sizes of individual protein products, similarity with the biochemically determined NIb-capsid cleavage sequence (Eggenberger et al., 1989) and similarity with cleavage sites found in other potyviral sequences. Cleavage would be between GlnJ, Ser or Gln~Gly dipeptides. Based on the amino acid sequence surrounding these putative cleavage sites, a consensus cleavage site sequence of P6 P5 P4 P3 P2 P1 P'I A s n / G l u -X a a -V a l -X a a -X a a -G l n Gly/Ser was developed. The five SMV cleavage sequences and the SMV consensus cleavage site sequence were compared to other potyviral cleavage sequences processed by N I a proteinases (Fig. 5b ). SMV cleavage sites were similar to consensus cleavage sequences proposed for other potyviruses.
A sequence theme appears to be emerging for N I a proteinase recognition. From published nucleotide Lane 1 shows protein products synthesized with no exogenously added RNA. Apparent Mr values are shown on the left for the major TEV precursor (75K) and processed product (49K), and on the right for the major SMV precursor (56K) and processed product (47K).
sequence data, 39 different potyviral cleavage site sequences have been predicted. With the cautionary note that a majority of these sequences represented the junction between the N I b and capsid coding sequences and that a conserved amino acid position within a figure. (a) The amino acids that form the positions P6 to P'I of five SMV cleavage sites are compared. The peptide bond cleaved is between P1 and P'I and is indicated by V. Please refer to the genetic map in Fig. 1 for placement of the cleavage sites. (b) A comparison of the putative consensus cleavage site sequences recognized by the NIa proteinases of five different potyviruses. X indicates that there is no preference for a particular amino acid at that position. (c) Frequency at which an amino acid is found at a particular cleavage site position. Thirty-nine different potyviral cleavage sites, which are likely to be processed by the NIa proteinase, were examined, and the frequency at which a particular amino acid was found at a particular position is presented. By way of comparison, the frequency at which a particular amino acid was found in the TEV and TVMV polyproteins is presented in the column on the right. particular virus may have skewed the results, Fig. 5 (c) lists the frequencies of particular amino acids at each cleavage site position upon compilation of these 39 cleavage site sequences. Cleavage always occurred at a peptide bond after a P1 Gin residue. This residue appeared to be invariant in the potyvirus group while other amino acids have been predicted for certain P1 positions of picornaviral cleavage sites (Kr~tusslich & Wimmer, 1988) . Ser usually occupied the P'I position; however Gly and Ala were also observed. Upstream of Gin, an amino acid residue with a large bulky side-group was frequently found in the P2 position. His and Phe were common amino acids in this position, and were collectively present at a frequency of over 60~. Leu and Thr were also encountered in this position and, with even lower frequency, Val, Ser, Lys and Glu were present. The P3 position was also favoured by amino acids with large side-chains; Tyr, His and Arg were found at a frequency of approximately 60~, but a variety of different amino acids could be found at this position. The P4 position displayed a strong preference for a Val or biochemically similar amino acid. Val (0-77), lie (0.13) or Leu (0.08) were found at this position in 98~ of the cleavage site sequences examined. Similar amino acids have been found at the P4 position of cowpea mosaic virus (CPMV) 24K and picornavirus 3C cleavage sites. CPMV 24K cleavage sites are usually delineated by an Ala at this position and picornaviral cleavage sites usually possess an amino acid with a small aliphatic side-group (for review, see Wellink & van Kammen, 1988; Hellen et al., 1989) . No obvious preference was displayed for specific amino acids in the P5 position. However, this was the only position in all the potyviral cleavage sites examined which accommodated Pro. In particular, Pro was found in this position only at the 6K/NIa cleavage junction. Perhaps Pro, which is generally associated with turns in a protein structure, plays an important role in positioning the cleavage site during the autocatalytic cleavage event.
The P6 position showed a clear preference for Glu, Asn or Asp residues, with more than 70 ~ of the cleavage sites registering one of these three amino acids. Therefore, although individual potyviral proteinases recognized distinct features which defined their own cleavage sites, there were a number of biochemical features which have been maintained not only across virus groups, but also supergroups (Goldbach, 1987; Strauss & Strauss, 1988) . In summary, the SMV NIa proteinase and its cleavage sites possessed features which were similar to other potyviral proteinases. Structural and amino acid motifs described for TEV, TVMV, PVY and PPV were shared by SMV.
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